Abstract-In this paper we report on the latest developments in biomimetic flow-sensors based on the flow sensitive mechanosensors of crickets. Crickets have one form of acoustic sensing evolved in the form of mechanoreceptive sensory hairs. These filiform hairs are highly perceptive to low-frequency sound with energy sensitivities close to thermal threshold. Arrays of artificial hair sensors have been fabricated using a surface micromachining technology to form suspended silicon nitride membranes and double-layer SU-8 processing to form 1 mm long hairs. Previously, we have shown that these hairs are sensitive to low-frequency sound, using a laser vibrometer setup to detect the movements of the nitride membranes. We have now realized readout electronics to detect the movements capacitively, using electrodes integrated on the membranes.
I. INTRODUCTION
Crickets have achieved acoustic sensing by evolving sensitive mechano-receptive sensory hairs. These so-called filiform hairs are highly perceptive to low-frequency sound with energy sensitivities below thermal threshold [1] . The sensory hairs of the cricket are situated on the back of the body on appendices called cerci, as indicated in figure 1. Depending on species, the hairs of adults vary in length up to around 1.5 mm. Each hair is lodged in a socket, guiding the hair to move in a preferred direction. The hair is held in its socket by an elastic material surrounding the base. Crickets are able to pinpoint low-frequency sound from any given direction using the combined neural information of all sensory hairs [2] .
There seems to be a favourable size match between the primary sensing parts (e.g. mechano-sensing hairs found on cricket cerci with lengths roughly between 100 -1000 µm) and what can be made by MEMS technology. Mimicking the cricket flow-sensitive hairs is not necessarily suggested only by flow-sensitivities. What makes drag-torque based flowsensors very interesting is the ability to arrange them in densely packed arrays allowing for the determination of flow-patterns rather than a flow measurement at a single point. Moreover, utilising variability in the sensors allows for frequency dependent responses much the same way mammalian ears function as a real-time Fourier transform. II. ARTIFICIAL HAIRS Figure 2 shows a schematic cross-sectional drawing of an artificial mechano-sensory hair [3] . The structure is based on the tilting of a membrane due to viscous drag acting on the hair. The membrane is suspended by torsional beams. In the sensors described here both the membrane and the torsion beams are made of silicon nitride. The membranes can have various forms, e.g. circular or rectangular. Chromium electrodes are deposited on top of the membrane. These electrodes form capacitors with the underlying common electrode formed by the highly doped silicon wafer. Due to the drag-induced torque the membranes tilt and therefore the capacitors on both halves of the sensor will show (opposite) change in capacitance. These changes in capacitance can be determined differentially and provide a means of measuring the tilting angle and, hence, the flow causing the tilt. Furthermore, the electrodes can be used for electrostatic spring softening by applying a bias voltage.
Like for the crickets, MEMS hair-sensors benefit from placement on elongated (cylinder-like) structures, resembling the cerci of the crickets. Therefore, in the current design the silicon substrate is shaped by KOH wet etching such that it resembles a cercus, resulting in rows of hairs on a 10 mm long, 1 mm wide strip of silicon.
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Bulk-Si bottom contact III. FABRICATION PROCESS Figure 3 shows a summary of the fabrication process. Processing starts with a highly conductive silicon wafer (a), since the substrate is used as a common electrode for capacitive read-out. A thin silicon-nitride layer is deposited by LPCVD, for the protection of the substrate during later etching of the sacrificial layer (b). At the back side of the wafer, a Vangbo pattern is etched by KOH to estimate the exact crystallographic orientation of the wafer (c). A 1 µm sacrificial poly-silicon layer is deposited by LPCVD and patterned (d), (e). A second, 1 µm thick silicon nitride layer is deposited to form the membranes and suspension springs (f), followed by sputtering and patterning of a thin chromium layer for the readout electrodes (g), (h). Next, KOH etching is used at the backside of the wafer to define the shape of the sensor chip (i). The SiRN membrane layer is patterned (j) and a layer of SU-8 photo-resist is spin-coated on the wafer surface. The SU-8 resist is illuminated and developed to create the artificial hairs (k). Processing is continued by dry etching of the sacrificial poly-silicon layer (l), thereby releasing the sensor structures, without affecting the SU-8 hairs. Finally, dry etching of the backside releases the sensor chips from the wafer except for a few attachment points (m), allowing the chips to be broken out of the wafer one by one. Figure 4 shows a photograph of a realized sensor chip with SU-8 hairs of about 1 mm. In this case the chip contains 2 groups of 144 hair sensors having sensitive directions perpendicular to each other. Figure 5 shows a close-up of the sensor membranes. The membranes show a slight curvature due to compressive stress in the chromium layer. Figure 6 shows a top view of 6 sensor membranes. A high density of hairs was obtained by using the space between adjacent sensors for the torsional suspension springs.
IV. MEASUREMENT RESULTS
A flow source, a loudspeaker driven at 120 Hz and placed very near to the artificial hair-sensors, was used to determine displacement amplitudes and adaptation of the sensor sensitivity by means of a scanning laser vibrometer. A DC voltage-source was connected to the electrodes of the sensor to adaptively change the effective torsional stiffness of the sensor. Using transduction theory it is readily shown that the displacement amplitude of the sensor due to a sinusoidal flow-velocity is given by [4] :
where κ is a constant (depending on the exact geometry of the sensors) and Z 0 is the displacement amplitude for zero bias voltage. 
Since the distance between the moving membrane and the substrate is in the order of 1 um, a displacement by 10 nm at the edge of the membrane corresponds to about 0.5 % change in capacitance (neglecting the influence of the silicon nitride layer and the curvature). In the current design the individual electrode surfaces are 82 x 80 um 2 , resulting in capacitances of 0.06 pF. To increase the capacitance, groups of 144 sensors with the same sensitive direction are connected in parallel, giving a total capacitance in the order of 8 pF and changes in this capacitance due to the air flow in the order of 0.04 pF. In order to measure the capacitance changes the electronic circuit depicted in figure 9 was designed and realized. The circuit consists of a standard charge amplifier circuit combined with an analog multiplier for synchronous detection of the measurement signal. Figure 10 shows a more detailed schematic of the charge amplifier. The feedback network containing the resistors is needed for dc-biasing and results in a decreased gain at frequencies below 10 kHz whereas the gain for higher frequencies is not influenced (see figure 11 ). V. FREQUENCY MULTIPLEXING The sensors in the current devices are separated in two groups of sensors, all of the sensors in one group having the same directional orientation and being wired in parallel to obtain larger capacitances and capacitance variations. Hence, two groups with perpendicular directional sensitivity are formed. In first instance such a lay-out suffices for many experiments needed to characterize the sensors. However, as mentioned in the introduction, eventually the potential of these types of sensors is to measure flow-patterns with high spatial density rather than single flow observations. To this end the sensors need to be interrogated individually. One way to do so is illustrated in figure 12 . In this architecture a bank of oscillators is applied to feed signals to each of the columns of sensors. Along the rows the signals are collected and transported off-chip. By multiplying the summarized output with the same range of frequencies used in the oscillator bank, e.g. in a signal processor based system, the information of all individual sensors can be retrieved. 
VI. CONCLUSION
We have presented versatile micromechanical flowsensor arrays, based on the filiform hairs of crickets. The sensors allow for high density distributed sensors. Using acoustic flow and electrostatic excitation it was shown that DC-biasing can be used to adaptively change the sensitivity and resonance frequency of the sensors. An electronic circuit for measuring the hair movements capacitively was realized and research will now focus on electronic readout of the sensors.
